Curling results from the temperature differential across the concrete slab thickness and may induce undue stresses in newly placed slab. This study deals with the finite element (FE) analysis of curling, curling stresses, field measurement of curling on a newly built jointed plain concrete pavement, and comparison of its long-term performance using both Mechanistic-Empirical Pavement Design Guide (MEPDG) and HIPERPAVII software. The FE analysis was performed with a software program, ANSYS. The test section was modeled as a three-layer system with 300 mm concrete slab, 100 mm treated drainable base, and 150 mm lime-treated subgrade. All layers were assumed to be linear elastic. Temperature data was collected at five different depth locations across the concrete slab with digital data loggers. Curling was measured on five different days with a simple setup. The effect of temperature nonlinearities across the slab thickness was also examined. The results show that both upward and downward curling increase as the temperature differential increases. The maximum stress resulting from the combined effect of curling and traffic loading due to positive temperature differential is higher than that due to the negative temperature differential of the same magnitude. Since temperature differential has a significant influence on curling, both curling and curling stresses can be mitigated at an early age with temperature control, namely via enhanced curing. Both MEPDG and HIPERPAVII showed approximately the same performance for the PCC thickness ranging from 215 mm to 300 mm for this project. Performance prediction from HIPERPAVII is very sensitive to the change in PCC thickness less than 230 mm whereas MEPDG prediction is not as sensitive to the thickness change as with HIPERPAV II.
Introduction


The American Concrete Institute [1] defined curling as "the distortion of any essentially linear or planar member into a curved shape such as the warping of a slab due to creep or to differences of temperature or moisture content in the zones adjacent to its opposite faces." Curling is caused by the temperature gradient across the thickness of the concrete slab. It induces stresses in the pavement concrete slab since the slab is restrained by its weight and the support pressure from the foundation layer. The thermally induced stresses caused by such interaction can be a significant factor in contributing to early pavement cracking [2] . This may be critical, particularly a few hours after placement of the slab, since concrete at an early stage of hydration may have insufficient strength to prevent cracking. Temperature rise caused by hydration does not immediately produce thermal stresses because of the process of stress relaxation or creep in the concrete [3] . The temperature gradient in the newly placed slabs may cause the slabs to curl and even if the cracks do not develop, this gradient can cause curling, and permanent set of the concrete slabs in a non-planar fashion. This phenomenon is popularly known as "as-built" curling [4] . Studies have shown that this as-built curling adversely affects the future performance of jointed plain concrete pavement (JPCP) [4] [5] .
Traditionally, in the design and analysis of concrete pavements, the temperature distribution across the slab thickness is assumed to be linear. Unless actual field measurements are made, it is reasonable to assume a maximum temperature gradient of 0.055 to 0.077ºC/mm of slab during the day and about half of these values at night [6] . Studies have shown that for the temperature range encountered in a temperate region, the assumption of linear temperature profile could lead to errors of 30% or more in the computed peak warping stresses [7] . Zhang et al. [8] reported that assumption of linear temperature distribution overestimated tensile stresses during certain periods of the day, while underestimated during other periods. Differences between the peak tensile stresses corresponding to the linear and nonlinear analyses reached as high as 75%. From field measurements, it is known that the temperature distribution is nonlinear. Typically, the nonlinear profile is featured with a relatively rapid change of temperature within the top quarter of the slab thickness, followed by a more gradual change towards the bottom face [9] . Researchers have represented non-linear temperature profile by a quadratic equation or by a third-order polynomial [7] [8] .
Objectives
The main objective of this study was to evaluate curling and curling stresses of JPCP by the finite element (FE) method as well as to compare these results with the curling measured in the field. Comparison of the long-term performance of this JPCP based on the MEPDG software and HIPERPAVII has also been done.
Test Section and Data Collection
The concrete pavement section in this study is located on Interstate route 70 (I-70). The section is a dowelled JPCP with 5 m joint spacing. The cross section consists of a 300 mm concrete slab, a 100 mm treated drainable base, also known as Bound Drainable Base (BDB) and a 150 mm lime-treated subgrade (LTSG). The BDB layer has a minimum permeability of 330 m/day. The concrete mixture was composed of 40% coarse and 60% fine aggregates with a water-cement ratio of 0.45. The entrained air was 5.8%. Average 28-day core compressive strength and 3-day modulus of rupture were 35.9 MPa and 4 MPa, respectively.
Temperature data was collected by the digital data logger, iButton® [10] . iButton® is a computer chip enclosed in a 16 mm stainless steel can. The assembly was installed near the right wheel path, which was about 1 m away from the edge of the driving lane. Temperature data was collected at five different depths across the slab thickness: the top surface, 75 mm, 150 mm, and 225 mm below the top surface; and the bottom surface. Data was collected at 10-minute intervals. The advantage of using five buttons is that they capture the actual temperature distribution across the slab thickness. Fig. 1 presents a typical hourly pavement temperature distribution curve. It is apparent from the figure that the temperature distribution is nonlinear. The nonlinearity for the bottom half of the slab is not as pronounced as it is for the top half. For the bottom half, the distribution is almost linear. For the top half, the distribution for the hours of positive temperature differential (i.e., temperature of the top surface is higher than that of the bottom) is steeper than that for the hours of negative temperature differential (i.e., temperature of the bottom is higher than that of the top). The hourly variation of temperature at the bottom of the slab is not much prominent. The difference between the maximum and the minimum temperatures is about 4.5ºC for this particular case. However, this difference is more pronounced at the top surface, which is about 19ºC.
Field Measurement of Curling
Curling deflection of the study section was also measured by a simple set up. The schematic of this set up is shown in Fig. 2 . It consists of an extensometer placed at the center of a lightweight aluminium frame. The length of the frame is approximately 5 m, which represents the length of the concrete slab. The frame is positioned on steel pins attached to the bottom of the frame. These pins ensure correct and repeatable positioning, and serve to form a reference level. The pavement surface moves vertically with time because of the temperature differential between the pavement top and bottom surfaces. The extensometer, which is in contact with the top surface of the pavement, moves with the vertical movement of the concrete slab, thus measuring both upward and downward movements. This measurement represents the curling or mid-slab deflection of the pavement slab with respect to the reference plane established by the pins.
Data was collected on five different days. For a particular day, hourly curling measurements were taken throughout the day. Table 1 shows measured curling deflections as well as corresponding temperature differential between the slab top and bottom. 
Methodology
Finite Element (FE) Modeling
In this study, ANSYS 7.0 was used to simulate curling. The model was built with actual geometric and material properties of the JPCP section described earlier. The FE model was built for a three-layer system. Each lane is 3.7 m wide, whereas the widths of the inside and outside shoulders are 1.8 m and 3 m, respectively. All lanes and shoulders are separated by longitudinal joints with a width of 9.5 mm and a depth equal to the quarter of the slab thickness. Transverse joints in the model are located at 5 m intervals and the dimensions are the same as those of the longitudinal joints. Cracks developing along the slab edge under the transverse joints were also modeled. Dowel bars, located at the mid-depth of the slab with a bar diameter of 37.5 mm and length of 450 mm, were placed at 300 mm intervals. Because of the symmetry in the longitudinal (driving) direction, one half of the slabs on both sides of a transverse joint were used as the model geometry.
Element selection is important to obtain reasonable results in the FE analysis. Based on the experiences of previous researchers [11] [12] [13] , a 3-D 20-node brick element was selected as the candidate element for this study. In the ANSYS library, this element is known as SOLID186. The interaction between concrete and dowel bars is a complex one. This interaction was modeled as a contact problem. Rigid-to-flexible type of contact, available in the ANSYS library, was used in "surface-to-surface" contact mode. Target element TARGE170 and contact element CONTA174 were selected to model the target and contact surfaces, respectively.
Concrete layer material was modeled as linear elastic. The effect of concrete slab on curling is overwhelming compared to the effects due to the base and subgrade layers. Hence, base and lime-treated subgrade layers were also modeled as linear elastic. Material properties needed for the FE model include the elastic properties, such as, modulus of elasticity and Poisson's ratio of different layers. Modulus of elasticity of concrete slab, drainable base, and subgrade layers used in this study were 29 GPa, 6.6 GPa, and 276 MPa, respectively. Poisson's ratios for the concrete, BDB, and lime-treated subgrade layers were assumed to be 0.15, 0.15, and 0.20, respectively. The modulus of elasticity and the Poisson's ratio for the dowel bars were assumed as 200 GPa and 0.25, respectively. Since this study deals with curling, which is caused by temperature, another important material property that was needed is the coefficient of thermal expansion. The typical values of 9 microstrains/ºC and 12 microstrains/ºC were used as the coefficients of thermal expansion for concrete and steel, respectively.
Generating an FE mesh is an important part of FE modelling. Finer meshes produce better results. However, several factors, such as, size and complexity of the geometry, use of contact elements, and product limitation of the ANSYS version used in this study, restricted the creation of a very fine mesh. Fig. 3 shows the meshed geometry of the study section. In general, the mesh is coarse. However, because of discontinuities created by the joints in the slab, areas near the joints were refined to obtain better results. The total number of elements generated for each model was approximately 30,000. Temperature was used as the main load. Temperature data was applied with both linear and non-linear temperature distribution across the slab thickness. The bottom of the subgrade layer was assumed to be fixed in all directions. The edges of the base and subgrade layers were fixed in the z-direction (direction of traffic). Pavement edge was allowed to move in all directions. Both translation and rotation of the dowel bar were restrained in all directions on one side of the joint.
Long-Term Performance Using MEPDG and HIPERPAVII
Comparison of long-term performance using MEPDG and HIPERPAVII has been done. The two methods have been described separately.
MEPDG
The design methodologies in all versions of the AASHTO Guide are based on the empirical performance equations developed using the AASHO Road Test data from the late 1950s. Due to the limitations of earlier guides, a design guide, based as fully as possible on mechanistic principles, was developed under the National Cooperative Highway Research Program (NCHRP) [14] . The guide is popularly known as Mechanistic Empirical Pavement Design Guide (MEPDG). The procedure is capable of developing mechanistic-empirical design while accounting for local environmental conditions, local materials, and actual highway traffic distribution by means of axle load spectra. The designer first considers site conditions (traffic, climate, and material properties) in proposing a trial design for a new pavement. The trial design is then evaluated for adequacy against some predetermined failure criteria. Key distresses are predicted from the computed structural responses of stress, strain and deflection due to given traffic and environmental loads. If the design does not meet desired performance criteria, it is revised and the evaluation process is repeated as necessary [14] .
The hierarchical approach is used primarily for traffic, materials, and environmental inputs in MEPDG. This approach provides the designer with several levels of "design efficacy" that can be related to the class of highway under consideration or to the level of reliability of design desired. In general, three levels of inputs are provided. Input data used for the MEPDG analysis of concrete pavements are categorized as: (1) General information; (2) Traffic; (3) Climate; (4) Pavement structures; and (4) Miscellaneous. The key outputs are the individual distress quantities. The outputs for JPCP are roughness in terms of international roughness index (IRI), percent slabs cracked, and joint faulting at the required level of reliability for a given design period 4.2.2 HIPERPAVII HIPERPAV (HIgh PERformance concrete PAVing) is a Window-based concrete paving software. It was originally developed by the Transtec Group, Inc. for the Federal Highway Administration (FHWA) to serve as a tool in the proper selection and control of the factors affecting concrete pavement behavior at early age. By controlling these factors properly, one can ensure good performance of concrete pavement throughout its design life. It is the first software of its kind to provide control over the concrete pavement 
Results and Discussions
FE Simulation
Six different positive and negative temperature gradients simulating day and night time temperature differentials were applied to the FE model. In this study, positive temperature differential refers to the daytime condition when temperature of the slab surface is higher than that of the bottom surface. The opposite is true for the negative temperature differential. The applied temperatures were: -5.6ºC, -2.8ºC, +2.8ºC, +5.6ºC, +8.3ºC, and 11.1ºC. As expected, pavement slabs curled downward and upward for the positive and negative temperature differentials, respectively. Fig. 4 shows the curled profiles of the section for these 
Curling Stress
It has long been recognized that critical stresses in concrete pavements result from the combined effects of curling and traffic loads. The location of traffic load also affects the critical stresses. In this study, the effect of truck loading in conjunction with the temperature loading was examined. An 80 kN static load (two 40 kN) loads at 1.8 m apart) was used in the analysis. Three different load positions on the pavement slab were investigated: (1) center, (2) edge, and (3) corner. A preliminary analysis showed that for positive temperature differential, the critical load position is at the edge of slab. On the other hand, for negative temperature differential, corner loading is the critical load position. Table 2 shows the maximum stresses due to the combined effect of temperature and traffic loading for the critical load locations. The results show that for both positive and negative temperature differentials, maximum curling stresses increase with an increase in temperature differential. Maximum stresses resulted from the combined effect of temperature and traffic loading due to a positive temperature differential is higher than those due to the same negative temperature differential. The difference between the combined stress due to curling and traffic, and the curling stress increases with an increase in the temperature differential. 
Linear Versus Non-Linear Temperature Distribution
In this study, the effect of linear and non-linear temperature distributions on curling was examined by FE method. Applied temperatures at the top and bottom for both analyses were the same. For nonlinear analysis, iButton temperatures were used to model nonlinear temperature distribution. Different temperature gradients ranging from -5.6ºC to +13.9ºC were used to compare the effects of linear and non-linear temperature distributions. Fig. 5 shows the maximum curling deflections due to different temperature differentials for linear and non-linear temperature distributions. For both positive and negative temperature gradients, maximum deflections resulting from linear temperature distribution are lower than those obtained from non-linear distribution. The difference in curling for linear and non-linear temperature distribution is about of 3 to 5%. Fig. 6 shows the comparison of curling deflections obtained from the field measurements and the FE simulation. As mentioned earlier, during curling measurement on any given day, it was assumed that the slab was flat during the first measurement. Subsequent measurements were done hourly. Hence, these measurements showed the curling deflection of the section with respect to the first measurement. The finite element analysis was performed using the actual temperature condition during curling measurements. Results from both methods show similar trend, although actual values are different. Deflections obtained by the FE simulation were lower than those measured in the field. Better agreements were observed for lower temperature differentials. However, the difference increased with an increase in temperature differential.
Comparison of FE and Field Measurement
Comparison of Long-Term Performance Using MEPDG and HIPERPAVII
The thickness of PCC has been varied from 150 mm, which is the minimum allowable thickness using MEPDG, to original PCC thickness of 300 mm to compare the long-term performance at the end of 20 years using both MEPDG and HIPERPAVII. Long-term performance has been compared in terms of IRI (with minimum and maximum values of 0.99 m/km and 2.59 m/km, respectively), percent slabs cracked (maximum 15%), and mean joint faulting with terminal value of 3 mm. The maximum limits have been indicated on the figures. Comparison based on these performance criteria has been done separately.
5.5.1 IRI Fig. 7(a) illustrates the roughness development using 
Percent Slabs Cracked
Comparison of long-term performance in terms of percent slabs cracked is shown in Fig. 7(b) . No crack has been observed in prediction by MEPDG, but a significant increase in cracking was observed in HIPERPAVII. Both procedures have shown no cracking up to PCC thickness of 230 mm. The increase in percent slabs cracked due to decrease in thickness from 230 mm to 150 mm is 76%. A significant increase in cracking was observed at a thickness lower than 165 mm for HIPERPAVII. PCC thickness less than 215 mm is not recommended as per the results by HIPERPAVII.
Mean Joint Faulting
As shown in Fig. 7 (c), no joint faulting was observed for both procedures up to PCC thickness of 216 mm. There is no faulting for the range of thickness for MEPDG, but there is an increase of faulting from zero to 0.76 mm when the thickness was decreased from 216 mm to 150 mm using HIPERPAV II.
Conclusions
Based on this study, the following conclusions can be made:
Both upward and downward curling increase as the temperature gradient increases. Based on the results, a maximum temperature gradient of 12ºC appears to be reasonable for typical PCC pavements in Kansas.
Curling resulting from a particular positive temperature differential is slightly higher than that resulting from the negative temperature differential of the same magnitude.
The maximum stresses resulting from the combined effect of curling and traffic loading due to a positive temperature differential are higher than those due to the negative temperature differential of same magnitude. This should be considered in the pavement design as is done in MEPDG.
Assumption of linear temperature distribution across the slab thickness results in lower curling deflection than that due to nonlinear distribution. The difference between the deflection values is less than 10%.
Curling deflections measured in the field are in close agreement with the deflections obtained from the FE simulation for lower temperature differentials.
MEPDG and HIPERPAV II analysis showed about similar performance for the PCC thickness ranging from 300 mm to 215 mm. The optimum PCC thickness for this project has been found to be 215 mm from both procedures.
